Abstract. We have studied the slow dynamics of the ferromagnetic phases of the re-entrant CdCr2xIn2−2xS4 system for 0.85 < x ≤ 1 by means of low frequency ac susceptibility and magnetization measurements. Experimental procedures widely used in the investigation of the out-of-equilibrium dynamics of spin glasses (such as the x = 0.85 compound) have been applied to search for aging, rejuvenation and memory effects, and to test their dependence on the disorder introduced by dilution of the magnetic ions. Whereas the rejuvenation effect is found in all studied samples, the memory effect is clearly enhanced for increasing dilutions. The results support a description of aging in both ferromagnetic and re-entrant spin-glass phases in terms of hierarchical reconformations of domain walls pinned by the disorder.
Introduction
Disordered magnetic systems have been intensively studied in the last decades. Among them, the systems with competing magnetic interactions are of particular interest. When the contributions of ferromagnetic and antiferromagnetic interactions are comparable, conventional long range order is not stable and a spin glass behavior is obtained. If the ferromagnetic interactions are preponderant, the system displays a re-entrant behavior, with, for decreasing temperatures, a transition from the paramagnetic phase to a ferromagnetic phase, followed by a transition to a spin glass phase.
Experimentally, in some compounds the amount of ferromagnetic and antiferromagnetic interactions can be continuously varied by changing the concentration of a magnetic ion [1] [2] [3] . One such example is the CdCr 2x In 2−2x S 4 thiospinel [2], a frustrated magnetic insulator with ferromagnetic nearest neighbor and antiferromagnetic next nearest neighbor interactions. The x = 0.85 compound is a model spin glass in which aging has been extensively studied [4] . The interest in aging phenomena has been revived by experiments on the effect of temperature changes, which have revealed non trivial rejuvenation and memory effects [5] , also identified later on in many disordered systems [6] [7] [8] [9] . While these features are well accounted for in hierarchical pictures where one assumes a hierarchical organization of the metastable states of the spin glass as a function of temperature [10] , their interpretation in the a e-mail: vincent@drecam.saclay.cea.fr physical space [11] is less clear and is currently the subject of many efforts, both on the theoretical and experimental sides [12] [13] [14] [15] [16] .
In this paper, we present a comparative study of spinglass type phenomena, and in particular of the rejuvenation and memory phenomena, in the ferromagnetic phases of the CdCr 2x In 2−2x S 4 system for several concentrations x of the magnetic ions (x > 0.85). Our motivation for studying these ferromagnetic phases is the fact that since they are conceptually simpler than spin glasses (spins are organized in domains), the rejuvenation and memory phenomena should be more easily described in terms of geometrical spin arrangements. This argument already led us to study the ferromagnetic phase of the weakly diluted x = 0.95 compound [16] in which we could observe some rejuvenation and memory effects. The latter were discussed in terms of pinning and reconformations of ferromagnetic domain walls in the dilution-induced disorder. The work that we present here, involving the study of a more diluted sample (x = 0.90), complements the previous investigation and provides further insights on the role of disorder in these out-of-equilibrium phenomena.
The paper is organized as follows. First, we present the phase diagram of the CdCr 2x In 2−2x S 4 system, the general behavior of the magnetization and the low frequency ac susceptibility of the studied samples with x > 0.85. Then we analyse the results of isothermal ac susceptibility relaxations at various temperatures both in the ferromagnetic phases and in the re-entrant spin glass phases. This allows us, for example, to highlight the effect of disorder on isothermal aging. We describe experiments in which we have investigated the effect of temperature changes on aging. The comparison of the results for different concentrations x shows that the ability of a disordered ferromagnet to memorize aging at a given temperature is strongly dependent on the disorder strength. Whereas for weak disorder (x = 0.95), the memory of an isothermal aging is easily erased by a short low temperature excursion (below the temperature at which the system was aged) [16] , for stronger disorder (x = 0.90), this memory is preserved and can only be erased by an excursion down to the re-entrant spin glass phase. Finally, we discuss the whole set of results in terms of pinning and reconformations of the ferromagnetic domain walls in their disordered environment and raise the question of the relevance of this wall dynamics for explaining the rejuvenation and memory phenomena in spin glasses.
Characterization of the system
The investigated samples are chromium thiospinels of formula CdCr 2x In 2−2x S 4 for x = 1.00, x = 0.95, x = 0.90 and x = 0.85 prepared by M. Noguès at the CNRS MeudonBellevue laboratory. They have been well characterized in the past by various techniques [2] including neutron diffraction [17] and display behaviors ranging from pure ferromagnet, to re-entrant ferromagnet and spin glass for decreasing x. The samples are polycrystalline powders and the measurements reported here were performed with a commercial Cryogenic Ltd S600 SQUID magnetometer.
Structure and phase diagram
The phase diagram of the CdCr 2x In 2−2x S 4 is shown in Figure 1 . The pure compound CdCr 2 S 4 is a normal spinel, i.e. all the Cr 3+ ions occupy octahedral (B) sites of the lattice whereas the tetrahedral (A) sites are occupied by [20, 21] . This large enhancement explains quantitatively the absence of a percolating ferromagnetic cluster for dilutions (1 − x) greater than about 15% [2] . The dilute samples (0.15 < x < 0.85) therefore undergo a unique phase transition towards a spin glass phase at low temperatures.
For higher concentrations in chromium ions (0.85 < x < 1), the sequence of phase transitions upon cooling down is as followed: a para-ferromagnetic phase transition first occurs at a critical temperature T c , followed by the onset of spin glass type irreversibilities, at a lower critical temperature T g . This phenomenon is usually referred to as reentrance.
Field cooled and zero field cooled magnetizations
Figure 2 displays the Field Cooled (FC) and Zero Field Cooled (ZFC) magnetizations (normalized to the value of the applied field) vs. temperature for the studied samples. The ZFC measurements have been performed after cooling the samples in zero field (at ∼ 80 mK/s) to 3 K, applying the field at 3 K, and recording the data upon slowly re-heating (at ∼3 mK/s). The FC data have been taken in the same manner (but cooling with the field on).
